Changes in deep-water environments of the western Atlantic over the past six million years were investigated by studying benthic foraminiferal abundance changes in 335 samples from Sites 926 (3598 m), 928 (4010 m), and 929 (4358 m) on the Ceara Rise. The location of these sites on a transect at lower abyssal depths provides a unique opportunity to evaluate changes in water mass properties as well as in the supply of organic matter from the surface waters, especially because other Leg 154 studies provided a precise time scale for correlations between the sites.
INTRODUCTION
Stratigraphic changes in deep-sea benthic foraminiferal faunas have been commonly associated with changes in North Atlantic deep-water circulation during the Pleistocene glacial-interglacial cycles (Streeter, 1973; Streeter and Shackleton, 1979; Schnitker, 1974 Schnitker, , 1979 Schnitker, , 1980 Peterson and Lohmann, 1982) . Studies on recent benthic foraminiferal assemblages likewise revealed a relation between faunal composition and hydrographic parameters such as temperature, salinity, oxygen content, and carbonate saturation (Murray, 1973; Lohmann, 1978; Corliss, 1979; Corliss and Honjo, 1981; Peterson, 1984; Mead, 1985) . Many different authors have attempted to correlate the distribution of deep-water benthic foraminifers with changes in water mass circulation patterns in the deep oceans, and benthic foraminiferal faunal changes have been linked to changes in stable isotope records (e.g., Woodruff and Savin, 1989; Boersma, 1990; Hermelin, 1991; Thomas, 1992) .
On the other hand, several authors reported that the abundance of several species of benthic foraminifers is correlated to surface primary productivity and thus the availability of food on the seafloor. Much data on faunas along continental margins suggest that faunas rich in genera such as Melonis, Uvigerina, and Bolivina reflect a high food supply rather than oxygen concentration in the bottom waters (e.g., Lutze and Coulbourn, 1984; Mackensen et al., 1985; Altenbach and Sarnthein, 1989; Schnitker, 1993; Rathburn and Corliss, 1994; Corliss, 1983; Miao and Thunell, 1993; Hermelin and Shimmield, 1990; Thomas et al., 1995) .
Other species of benthic foraminifers have been observed to respond opportunistically to a seasonal supply of phytodetritus under overall oligotrophic circumstances in the open ocean (Gooday, 1988 (Gooday, , 1993 Gooday and Lambshead, 1989) . High rates of phytodetritus deposition can not be linked in a simple way to high surface productivity, but reflect hydrographic conditions in the upper layers of the oceans (particularly, a deep layer of winter mixing), that lead to a strong phytoplankton bloom (Campbell and Aarup, 1992) . The opportunistic, phytodetritus-exploiting species have been used to reconstruct the occurrence of episodes with common phytodetritus deposition in down-core investigations (Smart et al., 1994; Thomas et al., 1995; Thomas and Gooday, in press ).
Benthic foraminiferal faunas thus can play an important role in the investigation of deep-water circulation patterns as well as paleoproductivity (e.g., Mackensen et al., 1995) . The purpose of this study is to examine the long-term changes in deep-water environments as based on benthic foraminiferal faunal and abundance changes during the past 6 m.y.
42°54. 489′W, 4010.7 m) is under the mixing zone of NADW and Antarctic Bottom Water (AABW), and is near the lysocline. Hole 929A (5°58.573′N, 43°44.396′W, 4357.6 m) is presently under AABW.
Samples were taken at 1.5-m intervals (one sample per section) over a sediment section corresponding to the last 6-7 m.y.; 114 samples from Hole 926A, 107 samples from 928A, and 114 samples from Hole 929A were examined (Tables 1−3) . Samples of about 10 cm 3 were treated with a 1%−3% hydrogen peroxide solution for 1-12 hr, and wet-sieved over a 63-µm screen. The coarse fraction was dried and split into aliquots containing approximately 200−300 specimens. More than 200 specimens were identified and counted. Some samples at Site 929 did not contain enough specimens or carbonate fragments at all. Some miliolid and unilocular species were not identified to the generic and specific level because of their rarity and extremely high diversity. The preservation of specimens was almost good, except for several samples at Site 929 that had completely dissolved.
The age models in this paper are based on the correlation between magnetic susceptibility records and previously published isotope records (Curry, Shackleton, Richter, et al., 1995) . Benthic foraminiferal accumulation rates were estimated by using gamma-ray attenuation porosity evaluator (GRAPE) density data and sedimentation rates as derived from these age models (Tables 4−6, back pocket). The benthic foraminiferal accumulation rate (BFAR, the number of foraminifers per cm 2 per 1000 yr) is defined as follows: BFAR = #BF/g × GRD (g/cm 3 ) × SDR (cm/ky), in which #BF is the number of benthic foraminifers, GRD is the GRAPE density, and SDR is the sedimentation rate. The BFAR has been used as a proxy for deposition rate of organic matter to the sea floor, and of primary productivity (Berger and Diester-Haass, 1988; Herguera and Berger, 1991; Herguera, 1992) .
To observe long-term trends of benthic foraminiferal abundances, 3-point moving averages were calculated for the relative abundances and accumulation rates of the four most abundant species, the phytodetritus species, and the total number of individuals.
RESULTS

Relative Abundances
The relative abundances of the most common species at all three sites were plotted vs. numerical age in Figures 2−4. The four most abundant species (Alabaminella weddellensis, Epistominella exigua, Globocassidulina subglobosa, and Nuttallides umbonifera) together account for about 60% of the fauna in most samples. These species are the most common and cosmopolitan lower abyssal species in the present world oceans since the early-middle Miocene (Woodruff and Savin, 1989) , and the fluctuations in their relative and absolute abundance can thus give information on changes in the abyssal paleoenvironment. The relative abundances of these four species for each sites are shown versus numerical age in Figure 5 , with superimposed 3-point moving averages; data for all sites together are shown in Figure  6 .
Globocassidulina subglobosa shows different fluctuations in relative abundance at all sites, although the records for the two deeper sites show some similarities-at both these sites the relative abundance decreases overall since about 4.5 Ma. At the shallower site it fluctuates, but appears to have high values between 2.5 and 1.0 Ma, and during the last 0.5 m.y.
The relative abundance of N. umbonifera also shows different patterns by depth, especially during the last 3 m.y. At the shallowest site, Site 926, it shows generally weak fluctuations throughout the last 6 m.y., possibly with a peak abundance at 4.5 Ma. At the two deeper sites, the relative abundance of this species shows similar patterns, with the lowest values between 3 and 4.5 Ma, and very strong fluctuations superimposed on a relative increase over the last 3 m.y. The species shows peaks in abundance at both deeper sites at about 2.5 Ma, 1.5 Ma, and three peaks during the last 1 m.y.
Alabaminella weddellensis is a very small species, and its taxonomy has been rather confused. The species has commonly been identified as Eponides pusillus or Eilohedra weddellensis in samples from the Pacific Ocean (Loeblich and Tappan, 1994) . Specimens from both the Atlantic and the Pacific were studied, and a conclusion was reached that they belong to the same species. Because A. weddellensis is a commonly used name in studies of Atlantic foraminifers, it has also been applied to this specimen. The patterns of fluctuation in relative abundance of this species are very similar at all three sites, especially during the last 3.5 m.y. The species shows peak abundances at about 3.5−3.2 Ma, then a decline followed by a rapid increase to peak values at 2.6−2.0 Ma, then another decrease followed by a peak at 1.2−0.9 Ma, and a final increase from 0.7 Ma on.
Epistominella exigua also has similar patterns of fluctuations in relative abundance at all three sites. Low values occurred at about 5.5, 4.8 and 4.2 Ma, but stronger fluctuations occurred after about 3.5 Ma. High values occurred between about 3.2 and 2.6 Ma (when A. weddellensis had low abundances), followed by an abrupt decline at about 2.6 Ma, when A. weddellensis increased. After 2.6 Ma the species fluctuated in relative abundance, with on overall increase at all sites since about 0.7 Ma.
Epistominella exigua, A. weddellensis and a few other species have been observed to inhabit phytodetrital aggregates, and the distribution and abundance of these species has been said to be controlled by the occurrence of strongly seasonal fluxes of this material (Gooday, 1988 (Gooday, , 1993 . Summed relative abundances of these two taxa at all three sites are shown in Figure 7A . In addition, the summed relative abundance of these two species is shown together with that of two other species that resemble them morphologically; i.e., they are small, trochospiral, and have thin and translucent walls. The two additional species are Epistominella sp. A (an obese variant of E. exigua) and Ioanella tumidula ( Figure 7B ). Figures 7A and 7B are similar because E. exigua and A. weddellensis are much more common than the other two taxa, although the resemblance between the curves for the different sites is largest in Figure 7B .
The phytodetritus species show a low in relative abundance at about 5.4 Ma and another at around 4.1−4.2 Ma. These show increased amplitude fluctuations from about 3 Ma on, and even more extreme after 1.5 Ma. A sharp drop occurred at around 0.7 Ma. During the last 0.3 m.y., their abundances decreased at the shallowest and the deepest sites, but increased at the middle Site 928.
Several species show first or last appearances at all three sites during the studied interval (Figure 8 ). Pleurostomella spp. decreased in relative abundance after about 3 Ma and had their last occurrence at 2 Ma at the deepest Site 929, at 1.6 Ma at the middle Site 928, and at 1.3 Ma at Site 926. Stainforthia fusiformis first appeared at about 4.0 Ma at the deeper two sites. Pullenia osloensis had a peak in abundance at about 3 Ma, and abruptly decreased in abundance at about 2.6 Ma at Sites 926 and 928. Ioanella tumidula shows similar fluctuations in abundance at all three sites, but was more common at the shallower Site 926.
Benthic Foraminiferal Accumulation Rates
Accumulation rates of benthic foraminifers are caused by complex multiple factors, which include changes in the deposition rate of particulate organic matter to the seafloor (which in turn may be caused by changes in productivity of organic matter in the surface waters, changes in export productivity, changes in the rate of oxidation of organic matter in the water column, and other factors, as well as the water depth at the site). In addition, physicochemical parameters of sea water in the region may be a factor. Furthermore, dissolution may influence the preservation of specimens.
Fluctuations in the accumulation rates of E. exigua and N. umbonifera are of greater amplitude than those of G. subglobosa and A. weddellensis (Figs. 9, 10) . All species show a resemblance between the curves for relative abundance and accumulation rate (Figs. 6, 10) . The fluctuations in accumulation rates of N. umbonifera were largest during the last 3 m.y. Before that time, the accumulation rate of this species was similar at all three sites, and afterwards it was more abundant, with larger fluctuations at the two deepest sites. Three peaks in abundance occurred in the last 1 m.y.
Accumulation rates of A. weddellensis increased at about 3.5 Ma, with very similar patterns of fluctuation at all three sites. Epistominella exigua shows strong fluctuations in accumulation rates after about 3.2 Ma, especially at Site 929. Globocassidulina subglobosa shows similar rates of accumulation at Sites 926 and 928 before about 4.4 Ma. After about 3.0 Ma, the species generally decreased in accumulation rate at the two deeper sites, with a maximum at the shallower site at about 2.2 Ma.
The phytodetritus group of species shows very strong fluctuations in accumulation rates over time, with the largest amplitude at the two deepest sites. Fluctuations have a larger amplitude than those in relative abundance (Figs. 7, 11) . Before 4 Ma the accumulation rates were very low at Site 929, with higher, co-varying values at the two shallower sites. Overall, accumulation rates increased from 4 Ma, but there was a large decrease at all three sites at about 2 Ma, until about 1.6 Ma. The fluctuations in accumulation rate occur at similar times at all three sites, and there is no obvious relation between the depths of the sites and the accumulation rates at any point in time.
Accumulation rates of the total fauna are shown in Figures 12 and 13. There is a strong correlation between the accumulation rate of the total fauna and that of the phytodetritus species (Figs. 11, 14) .
Before 3.4 Ma, the accumulation rates were very low at the deepest Site 929, at the time when carbonate accumulation rates were also low (Curry, Shackleton, Richter, et al., 1995) . Accumulation rates at both shallower sites were very similar, with a high at about 5.2 Ma, and a low at 4.2 Ma. At about 3.2 Ma the accumulation rates increased strongly, as did the amplitude of their fluctuations. The lower values of the last 3.2 m.y. are similar to the average values before 3.2 Ma. Peaks occurred synchronously at all three sites, with the highest peak at about 2.1 Ma. Accumulation rates would be expected to be higher at the shallower site (Herguera and Berger, 1991) , but this is not observed consistently.
DISCUSSION
The observed changes in deep-sea benthic foraminiferal faunas have been caused by a combination of changes in deep-water circulation, deep-water chemical properties, and productivity, as described for the modern ocean by Mackensen et al. (1995) . The four most common species have very similar abundances at the three sites between 3 and 3.4 Ma, suggesting that the deep-water environments at all sites were similar at these times, and thus that waters at these depths were not strongly stratified.
The benthic foraminiferal accumulation rate (BFAR) is controlled mostly by a limited food supply, and additionally due to local chemical conditions plus differences of preservation due to carbonate saturation. Accordingly, the BFAR are possibly a recorder of surface paleo-productivity, if carbonate dissolution and water mass changes are also taken into account through the interval. Herguera (1992) researched a relation between the BFAR and the decay of organic carbon with depth, and concluded that the BFAR is directly linked to the flux of organic matter to the seafloor.
Comparison of the BFAR at Sites 926, 928, and 929 (Figs. 12, 13) clearly shows a major difference between faunas before and after 3.2 Ma (with a short exception from 3.8 to 4.0 Ma). Before 3.2 Ma, the BFAR was much lower at the deepest site than at the two shallower ones, and there was much less difference than predicted by Herguera's equation between the BFAR at the two shallower sites. However, the BFAR at Site 929 was obviously not equal, which indicates that there was a big contrast in carbonate dissolution between water depths of 4000 and 4300 m before and after ~3.2 Ma. At the deepest site (4300 m), most of the species have low accumulation rates. This anomalously low productivity is interpreted to mean that the corrosive water mass has been expanded below the depth 4000 m. Between 3.2 and 0 Ma, the BFAR at the two deepest sites was for the most part relatively similar; at the shallower site BFAR was slightly higher, though with many exceptions. These results may negate the depth effect of benthic foraminifer productivity or indicate that changes in not only organic matter flux, but also deep-water chemistry and circulation patterns have played a role in controlling benthic foraminifer abundances and faunal associations.
Globocassidulina subglobosa is widely distributed in the present deep ocean. Corliss (1979) reported that this species dominates the faunal assemblage where relatively warm (0.6°−0.8°C) AABW is present. Boersma (1990) investigated environmental variations in the size of G. subglobosa and found a direct relationship between estimates of good carbonate preservation and higher abundances of large size G. subglobosa in the Oligocene and Miocene sections. Mackensen et al. (1995) suggested that this species is more common on steep flanks of ridges. A geographical difference, however, does not explain the historical change of G. subglobosa flux at three sites on the Ceara Rise (Figs. 9, 10) .
However, the exact physicochemical factors controlling the distribution of this species are not well known. Considering the distribution patterns and depth stratification, G. subglobosa prefers the relatively fresh and less cold deep water such as NADW, or Circumpolar Deep Water. Accordingly, the difference in accumulation rates may indicate the vertical differentiation of water masses. After 3 Ma, AABW gradually intensified and the stratification of water masses began to be distinct. As a result, G. subglobosa gradually decreased in the deep sites.
Epistominella exigua and Alabaminella weddellensis are generally recognized as phytodetritus species. In this paper, two other species, Epistominella sp. A and Ioanella tumidula, are included in the phytodetritus species group. Their total accumulation rates are shown in Figures 11A and 11B.
As these species are considered to opportunistically respond to fresh organic matter produced by phytoplankton blooming (Gooday, 1988) , the change in total absolute abundances of these species closely relates to a strength of seasonality, and is an index for surface paleo-productivity. The accumulation rates of phytodetritus species have a high coefficient of correlation with those of total individuals despite the fact that phytodetritus species account for only one third of the total (Fig. 14) . This suggests that the changes in paleo-productivity of total benthic foraminifers are controlled mainly by food supply.
N. umbonifera and G. subglobosa are less correlative with total individuals, especially N. umbonifera at the shallow site, and G. subglobosa at the deep site. These two species are controlled by not only food supply but also other complex ecological factors.
Although E. exigua and A. weddellensis have similar fluctuation patterns in relative abundances at every site, these species have partly different trends in accumulation rates even though both are phytodetritus species. The amplitude fluctuations of E. exigua are different at each depth site especially during the last 3.2 m.y., and the flux of E. exigua is more correlative with N. umbonifera than A. weddellensis. If the productivity of E. exigua and A. weddellensis is controlled by 13H-6, 80 just organic matter alone, the abundance changes should not be so different at each site. The recent depth distribution pattern of E. exigua follows the relatively high oxygen condition of the North Atlantic (Poag and Low, 1985) , Indian (Peterson, 1984) , and Pacific oceans (Burke, 1981) . This means that this species responds to the presence of fresh deep water such as the Norwegian Over Flow Water, Antarctic Circumpolar Deep Water, and AABW. Hermelin and Shimmield (1995) reported an abundance change of this species with a 100-k.y. cyclicity in the Arabian Sea, which they interpreted as reflecting long-term changes in wind intensity, resulting in increased upwelling, and hence high surface water productivity and accumulation of phytodetritus on the seafloor. Accordingly, these facts suggest that E. exigua is influenced not only by complex ecological factors such as phytodetritus, but also by other physicochemical factors such as the oxygen content of deep water.
A. weddellensis has similar fluctuation patterns in accumulation rates at every site, with an exception prior to 4.4 Ma at Site 928. The similarity of fluctuations at every depth means that this species is controlled mainly by organic flux from the ocean's surface. Some other factor must account for the pattern at Site 928 before 4.4 Ma. The ecological difference of this species from E. exigua is not well known, but A. weddellensis is more sensitive to phytodetritus than E. exigua.
The accumulation rates of N. umbonifera began to increase at about 3 Ma at Site 929. At the two deep sites, this species has exhibited high-amplitude fluctuations during the last 1 m.y. (Fig. 9) . Living and downcore studies in benthic foraminifers have revealed that N. umbonifera typically associates with carbonate undersaturated bottom water (Corliss, 1979; Bremer and Lohmann, 1982) , and dominates below the lysocline and above the carbonate compensation depth (Mackensen et al., 1993) . The abundant occurrence of N. umbonifera directly indicates the presence of AABW (Corliss, 1979; Bremer and Lohmann, 1982; Peterson, 1984; Mackensen et al., 1995) . Additionally, this species is widely distributed in the postglacial and interglacial periods (Schnitker, 1974 (Schnitker, , 1979 . On the other hand, some authors consider this species as an indicator of extreme oligotrophy (Gooday, 1993; Loubere, 1994) . Correlation between N. umbonifera and Alabaminella weddellensis fluxes, and phytodetritus species flux suggests that there is no relation or partly negative correlation of productivity between these two species (Fig. 15A) and total phytodetritus species (Fig. 15B) . These results support that N. umbonifera was abundant in oligotrophy condition.
A comparison of magnetic susceptibility records with benthic foraminifer flux at Site 929 shows that the high accumulation peaks of N. umbonifera correlate with the lower and lowest peaks of susceptibility (Fig. 16) . The fluctuation pattern of magnetic susceptibility is correlative with δ 18 O curve (Tiedemann et al.,1994) , and lowest peaks of magnetic susceptibility correspond with interglacial times. A low value of magnetic susceptibility means generally high accumulation of carbonate, which is interpreted as weak carbonate dissolution or high surface productivity. As ocean paleo-productivity has been much higher in glacial than in interglacial periods (Sarnthein et al., 1988) , low accumulation rates of carbonate in glacials indicate stronger dissolution than accumulation of carbonate. This suggests that this species increased during warm periods, and is an indication that the optimum environment of this species expanded in interglacial periods. This relationship is concordant with the recent distribution of this species and water mass structures (Schnitker, 1974 (Schnitker, , 1979 .
As the high accumulation rates of N. umbonifera strongly suggest the presence of AABW (not glacial AABW) and less organic matter flux, and the BFAR at Site 929 before 3.2 Ma are similar to the lower or lowest values during the last 3 m.y., the conditions of the water mass before 3.2 Ma at 4300 m depth is considered to be basically the same as glacial conditions after 3 Ma. It is noted that in the oxygen isotope results, the average ice volume before 3.2 Ma is the same as that of interglacial periods since the initiation of northern hemisphere glaciation (Tiedemann et al., 1994) . However, accumulation rates of total individuals at Sites 926 and 928, with the exception of the last 0.8 m.y. at Site 928, indicate that paleo-productivity had not changed so much during the last 6 m.y. It has been observed for the last glacial that NADW formation decreased relative to formation of AABW (Oppo and Fairbanks, 1987; Boyle and Keigwin, 1982, 1987) , and the bottom ocean was occupied by an Antarctic source of water. Benthic foraminiferal faunas, especially N. umbonifera abundance, indicate that the characteristics of modern bottom water (AABW) is different from that of glacial southern source bottom water. Before 3.2 Ma, the deepest site (Site 929) is clearly influenced by corrosive bottom water. In other words, the present type of AABW circulation had not existed in or had not reached the deep equatorial Atlantic between 6 and 3.2 Ma. After 3.2 Ma, the deep-water circulation and bottom-water production, especially during interglacial times, were enhanced by the increased amplitude of glacial-interglacial contrast.
It is evident that N. umbonifera evolved to exploit the bottom-water environment of AABW and, expanding its niche, kept in step with the enlargement of bottom-water production in the Antarctic area.
SUMMARY
The ODP Leg 154 depth transect indicates drastic changes in deep-water environments during the past 6 m.y.
1. At 3.2 Ma, benthic foraminiferal accumulation rates below 4000 m changed drastically. Prior to 3.2 Ma, the accumulation rates of both total specimens and Nuttallides umbonifera are low, which indicates that the bottom-water mass was different from the present. 2. Prior to 3.2 Ma, deep-water circulation patterns, especially AABW, are similar to those of glacial periods after 3 Ma. 3. High relative abundances and accumulation rates of N. umbonifera are correlative with low peaks in the susceptibility records. This suggests that this species was widely distributed in the interglacial periods. 4. Phytodetritus species abundance changes indicate the same fluctuation pattern as total benthic foraminiferal accumulation rates.
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